A series of experiments was conducted to determine (1) the accuracy with which vowel segment durations in spoken sentences can be represented in auditory sensory storage and (2) the extent to which phoneme boundaries in the identification of phonetalc vowel length in Dutch are affected by syntactic and/or auditory-phonetic context. In a preliminary production test it was found that durations of both long and short Dutch vowel phoneroes in monosyllabic words embedded in sentences are systematically .. affected by word positions in the sentences. In an initial perceptual experiment, phoneme boundaries and slopes of identification curves were measured for 12 listeners in five different test utterances in a binary forced choice identification test. Perceptual accuracy of vowel duration perception as determined from the slopes of the identification curves corresponds on the average to a just-noticeable difference (JND) of about 5 ms with a test segment duration of about 90 ms. Phoneme boundary values are systematically affected by context in ways predictable from syntactic structure and the auditory-phonetic environment.
INTRODUCTION
What is the accuracy with which acoustic durations of vowel segments in spoken sentences are auditorily represented? How is the internal criterion for distinguishing between phonemically short and phonemically long vowels on the basis of acoustic vowel duration affected by other perceived properties such as the syntactic structure and the specific auditory-phonetic structure, of the sentences these vowels belong to? Those two questions form the subject matter of the present paper.
A measure of the accuracy with which a particular stimulus property is auditorily represented during a shorter or longer period of time can be the smallest difference in the physical magnitude of the stimulus property that can be perceived (e.g., at a 75% probability level). In classical psychophysics this measure is often obtained by using well-practiced observers and a very simple comparison task, generally not going beyond a two-interval binary forced-choice comparison (212AFC) task. Such a task, however, is not applicable to properties of speech sounds embedded in longer utterances, because of overloading of sensory storage by the surrounding speech material (cf. Carlson and Granstr6m, 1975 ). This methodological problem can be circumvented by replacing the external reference signal used in a 212AFC task by an internal criterion which is constantly available to the observer. Huggins (1972) identification of short versus long vowel phoneroes, the advantage being that this criterion, being overlearned, is potentially stable, and that the experimental procedure closely resembles the classical 212AFC test, except that a single-interval task is used instead of a twointerval task. This makes it feasible to compare our identification data with data on sound duration discrimination in the literature. A similar procedure is reported by Fujisaki, Nakamura, and Imoto (1975).
Our second question concerns potential effects of properties of the surrounding speech material on the internal criterion for identifying short and long vowel phoneroes on the basis of acoustic vowel duration. A physical measure of this internal criterion is the stimulus duration at which 50% short vowel responses and 50% long vowel responses are given by the listeners.
This we call the phoneme boundary of vowel length perception. We have tested the hypothesis that the internal criterion, measured as the phoneme boundary, is systematically affected by the expected or preferred durations which the listeners can create for both the short and the long vowel, on the basis of syntactic structure, and possibly the specific auditory-phonetic structure of the attended utterance. We have not measured expected durations directly. Results reported by Huggins (1972), Nooteboom (1973) , Klatt and Coopar (1975) , and Fujisaki, Nakamura, and Imoto (1975) show that there is a close correspondence between the expected duration of a particular segment in an utterance, and the duration actually produced by a speaker in that position. For a survey of acoustic, physiological, and perceptual evidence concerning the effects of a number of linguistic and extralinguistic factors determining speech segment durations, the reader is referred to Klatt (1976 In order to study to what extent context effects on the internal criterion for vowel length identification can be explained by syntactic structure alone, we have collected data on the production of short and long vowel durations by several speakers in the same frame sentences to be used in the identification experiment. This production experiment is reported in Sec. I. Section II is devoted to the main perceptual experiment, in which Table I .
The diagrams of the syntactic surface structures are presented in Fig. 1 As expected, we find systematic differences in durations of both the vowel in TAK and the vowel in TAAK, in different syntactic positions. The differences cannot, however, be easily explained from the hierarchy of syntactic boundary types or from the branching depth hy- We may conclude that individual vowel durations may be predictable from syntactic structure in a probabilistic way, but not with any degree of precision for a par- 
Sub/ects
Ten male Dutch-speaking students of the Eindhoven University of Technology served as paid volunteers in the listening experiment. They were linguistically and phonetically naive. The two authors also served as subjects. None of the subjects had a speech or hearing impairment.
Procedure
Subjects were tested individually in a quiet room. The stimulus tape was played to the subject from a Philips tape recorder type N4510 through ear phones (Sennheiser HD424) at a comfortable loudness level of approximately 55 dB SPL. The subject had two push buttons in front of him, one push button marked TAK, the other TAAK. He was instructed to push the TAK button whenever he heard TAK, and the TAAK•button whenever he heard TAAK. When in doubt he was to guess. Preceding each stimulus on the tape, a brief pulse train was recorded which was used to sensitize a measuring circuit during 3 s to signals from the push buttons. The pulse train itself was suppressed before the signal from the tape was fed to the ear phones. Which push button had been selected and (in order to measure response latencies) the moment of response with respect to stimulus onset, were automatically detected and stored in punched tape together with stimulus number, for later processing.
B. Results and discussion
As there were found to be no systematic differences between the n•{ve and the non-r•ve subjects, results will be reported for all 12 subjects. 
I. Accuracy of auditory representation
The mean slopes presented in Table III may be taken as a measure of the accuracy with which durations of vowel segments, embedded in spoken sentences, are auditorily represented. However, as in many cases there are very few data points between 100% and 0%,. the estimates of the slopes for individual subjects may often be imprecise. We therefore pooled the data of all subjects and all test utterances, and removed the effects of differences in phoneme boundaries between subjects and between test utterances by multiplying each test segment duration for each subject-test utterance combination by the grand mean of all phoneme boundaries (89 ms) divided by the phoneme boundary found for that particular subject-test utterance combination. The individual scores of all subjects and all test utterances ms), and from 4 to 9 ms for long vowels (mean durations in between 100 and 150 ms). The results for short vowels were practically identical to those reported in Table I , presenting standard deviations in different test utterances ranging from 2.8 to 5.7 ms.
Huggins' (1972) data are also of interest. He applied an "up-down" strategy separately to "normal" versus "short" and "normal" versus "long" judgments for speech sounds embedded in spoken sentences. His data show that the subjects used two internal criteria, one for the first and one for the second type of judgment. 
Position effects on phoneme boundaries
Although within each test utterance the phoneme boundary for each subject is rather precisely given, suggesting that subjects keep their internal criterion constant, we do find in Table Ill 
$ubiects
Seven male Dutch=speaking students of the Eindhoven University of Technology served as paid volunteers in the listening experiment. They were linguistically and phonetically na'•ve. Three more subjects were employees of our Institute, two (the only females) being linguistically and phonetically n•fve, the other being the second author of this paper. None of the subjects had a speech or hearing impairment.
Procedure
The procedure was the same as in perceptual experiment I, except that no response latencies were measured.
B. Results and discussion
There were no systematic differences between the paid subjects and the others. Phoneme boundaries for the three test utterances are presented in Table IV. The difference between (1') and (2') is not significant, the other differences are (p < 0.001, student Newman Keuls, following a two-way analysis of variance). We The phoneme boundaries in (1') and (5') may serve as reference points for a further experiment (perceptual experiment III), in which the effect of a silent interval of varying duration following the /k/burst in (5') on the phoneme boundary is studied. Of course, in the case of no silent interval the phoneme boundary should be as in (5'). In the case of a long silent interval one may expect the same phoneme boundary as in (1'), as this situation would be very similar to the presentation of (1') followed by a spurious word group. The question of interest is how long this silent interval has to be in order to produce a phoneme boundary similar to that in (1'), just long enough to suggest a perceivable speech pause within a syntactically coherent utterance, or so long that the perception of syntactic structure is broken up, so that utterance (1') rather than (5') with a speech pause is perceived. The following pairs of test utterances differ significantly (student Newman Keuls, following a two-way analysis of variance, p<0.01): 1'-3'; 2'-3'.
Phoneme boundary duration 
Subjects
The subjects in the identification test were the same as in perceptual experiment II. Ten more subjects, all employees of our Institute, and three of whom belonged to the speech and hearing group, listened much later to the same tape, and indicated whether or not they heard a speech pause in the utterances.
Procedure
The procedure of the vowel length identification test was identical with that in the other perceptual experiments. The same is true for the speech pause perception test, except that the listeners were now asked to place a cross on a response sheet after the number of each stimulus in which they heard a speech pause.
B. Results and discussion
The results of both the vowel length identification test and the speech pause perception test are presented in Table Vo The 
and (5')], and P spp is the probability of speech pause perception expressed as a fraction of 1, as measured independently in the present perceptual experiment. This simple probabilistic model assumes that each listener, within this experimental task, operates with only two, discrete, internal criteria, one for the embedded condition and one for the prepausal condition. Whenever he hears a speech pause he employs the latter, in all other cases he employs the first. The internal criterion in the prepausal condition is assumed to be identical with the one the subjects employed in the utterance final syllable in perceptual experiment II. A perceived speech pause apparently breaks up the auditory flow of speech and thereby separates the test word from the auditory-phonetic environment otherwise affecting the listener's internal criterion. Note that the perceived lexical-syntactic structure of the sentence used in this experiment is not affected by the presence or absence of a perceived speech pause, as long as the duration of the pause is within the range of speech pauses normally made by speakers within sentences. The results of this experiment confirm our hypothesis that the internal criterion for vowel length identification is primarily affected by the specific auditory-phonetic structure of the surrounding speech material, and not immediately by the syntactic structure of the perceived sentence.
V. GENERAL DISCUSSION
The two main conclusions we draw from the results and discussions presented in this paper are (1) The accuracy with which vowel durations in spoken sentences are auditorily represented is at least as good as would be predicted from most data on duration discrimination of isolated nonspeech sounds with comparable durations, and corresponds to a 75% differential threshold of some 5 ms for T= 90 ms. (2) The internal criterion listeners employ for distinguishing phonemically long vowels from phonemically short vowels on the basis of vowel duration can be flexibly and accurately adjusted to the auditory-phonetic structure of the surrounding speech material, including speech material over a few hundreds of milliseconds following the vowel concerned.
As to the first of these conclusions, the reader may object that we have not entirely proved our point. Although we have shown that auditory representation of vowel duration is quite accurate in the immediate neighborhood of a stable internal criterion for categorical perception, this does not necessarily imply that vowel durations farther away from such a criterion are represented with equal accuracy. For those vowels the accuracies measured by Klatt and Cooper (1975) subjects are small (standard deviations often in the order of a few milliseconds), considerably smaller in fact that one finds for differences in segment durations between speakers in the production of the same sentences, showing that the perceptual processing is severely constrained by the actual auditory-phonetic structure of the utterances. One may ask whether it is necessary to explain our results from shifts in the internal criterion. One might imagine that the internal criterion is fixed, not adjustable to context, and that the shifts in phoneme boundary are due to systematic effects of context on the listener's subjective duration of the test segment. In principle this might be tested by measuring subjective durations with a method of adjustment to an external reference, as has been done for durations of isolated sounds and silent intervals by Burghardt (1973a and 1973b) . The model in which the internal criterion is affected by context predicts no measurable differences in subjective durations between the test segments in different test utterances, whereas, of course, the other model does. It is not easy to see, however, how one would apply successfully a method of adjustment employing an external reference to speech segments embedded in longer utterances without running into the same memory limitation problems encountered in applying ABX or AX discrimination tests to such segments.
Another question that arises is the question of which particular properties of the auditory-phonetic environment bring about the shifts in internal criterion (or in subjective duration). In perception experiment IV we 
